We describe a technique for micro-patterning and immobilization of dyes on polymer substrates using a low-power visible laser for dye-excitation. Deposits from an aqueous medium containing the dye can be attached at any desired spot on the substrate simply by exposing the area to laser light. The area of the laser beam can control the spot-size of immobilized dye, in the range of 10 -100 microns. The immobilization technique is characterized by micro-printing numerals, alphabets and patterns on polybutadiene substrates with Rhodamine (Rh6G) dye. Adsorption of laser-excited dye molecules within the polymer appears to be the mechanism for laser-printing technique.
Introduction
In recent history, micro-printing is commonly referred to when discussing anti-counterfeiting techniques on items of value. Currencies, IDs and checks are some examples of using very small text, too small for the naked eye, for authenticity. Text or symbols of such small size, usually in the micron range, are extremely difficult to reproduce accurately [1] . Therefore, the use of micro-printing is a feasible technique for anti-counterfeiting an item and confirming its genuineness. Micro-printing proves beneficial in many areas, on many surfaces, for multiple purposes. From serial numbers to bar codes, micro-printing is a ubiquitous necessity in our society. Thus, there have been many techniques reported. Micro-etching and micro-deposition of solid materials, like metals and polymers, using ultrashort pulses of ultraviolet (UV) laser radiation have been shown to achieve microstructures of dots, lines and complicated multilevel patterns with submicron resolution [2] . The high-resolution micro-printing techniques have proven to be beneficial for the composition of electronic devices and organic electronic devices [3] . Use of femtosecond excimer lasers produces high definition micron diffractive patterns that can be fabricated on planar and cylindrical substrates such as optical fibers [2] .
It has been shown that laser induced forward transfer (LIFT) is suitable for patterning microarrays for proteins as well as antigens without losing any antigenic reactivity or diagnostic properties [4] . In this process, a pulsed laser is used to induce the transfer of material from a laser-transparent source film onto a nearly placed substrate. As the laser pulses propagate through the film and are absorbed by the receptor substrate, material is removed from the source and deposited on the acceptor substrate. Translation of the substrates and/or scanning the laser beam aid in the formation of complex patterns [5] . The LIFT technique is simple and can be used for many solid film materials such as copper and aluminum [5] . The thickness can be adjusted by additional transfers.
In an earlier article, we have reported fabrication of surface relief grating (SRG) patterns from an aqueous phase dye-labeled biomolecule using interferometric lithography using 488 nm laser light [6] [7] . In this technique, the SRG patterns are formed by immobilizing the molecules in the high intensity region of the spot where the two beams interfere. In another work [8] , protein laser printing technique is reported using 100 -300 mW infrared laser light with 1 -300 seconds of exposure time to activate polymer thin films for micrometer range biopatterning of aqueous phase protein onto laser exposed spots.
Step and repeat UV-nanoimprint lithography is also used for nanoscale patterning and fabrication of large area imprinted nanostructured devices by sequentially repeating of the patterning process on spin coated resist films [9] . Matrix assisted pulsed laser evaporation direct write (MAPLE DW) is another technique for micro fabrication of biomolecules, which uses laser light for direct immobilization of biomolecules to a substrate [10] . A non-optical letterpress technique is used for patterning polymer films on curved and flat surfaces. This involves fabrication of micrometer size mechanical and electronic devices by pressing an inked stamp onto the target for applications in the areas where nanometer feature size is not required [11] . More recently, a method for micrometer feature size patterning of polymer surfaces is demonstrated by selective solvent swelling technique [12] , whereby the patterning is typically executed by selective and reversible lifting of the polymer surface. Micropatterning of conductive polymer films is done by a method called "printed dissolution" in which polymer films are locally removed followed by stamping and surface processing procedures [13] . The use of inkjet printing [14] - [17] is a widely reported technique for patterning of DNA and protein. Unlike the aforementioned techniques, this article describes a micro-patterning and immobilization technique which involves excitation of dye-molecules in solution with a low-power visible laser, in the vicinity of the polymer substrate. It has the potential to be used with a variety of laser dyes. To the best of our knowledge, this is the first reported micro-printing technique involving embedding of dyes within the polymer surface by using a low power continuous wave visible laser. The technique is primarily presented for its application for printing micro-texts and patterns and for bar-coding although it can also have a potential for immobilizing dye-labeled biomolecules on polymer surfaces for biosensing-related applications.
Materials & Experimental Section
The powder form Rhodamine 6 G (Rh6G) purchased from Eastman Kodak Company, Rochester, NY, USA is diluted in distilled water to a concentration of 1 mg/ml. A 2% by weight solution of polybutadiene rubber in cyclohexane solution, both received from Sigma-Aldrich (St. Louis, MO, U.S.A.), is spin coated at 3000 rpm on microscope glass substrates (Fisher Scientific, Pittsburgh, PA, U.S.A) using spin coating machine from CHEMAT Technology Inc. (Northridge, CA, U.S.A.). The 488 nm argon-ion laser, with maximum output power of 50 mW and beam diameter of 0.65 mm, used for the immobilization of Rh6G molecules and micro-printing process was manufactured by Modu-Laser TM LLC (Centerville, Utah, U.S.A.). To immobilize Rh6G molecules and fabricate patterns over a larger area of polybutadiene coated glass substrates, the laser beam was expanded to 2 mm diameter using a beam expander (Edmund Optics Inc., Barrington, NJ, U.S.A.). The 21 -26 mm in diameter and 1.5 -2.28 mm thick contact reticles (Edmund Optics Inc.) with wide range of patterns and sizes were used as masks for microprinting. The patterns on these masks (including alphabets and numerals) have opaque lines printed on transparent glass surface with a line thickness of about 25 μm.
The schematic experimental setup used for immobilization of dye molecules from aqueous phase and laser micro-printing of pre-patterned shapes using contact-reticles on polybutadiene-coated slides is shown in Figure  1 . In Figure 1(a) , a small drop of dye-solution is sandwiched between a thin cover-glass substrate (0.2 mm thickness) and a standard glass slide. The cover-glass as well as the glass-slide is coated with polybutadiene film on the side which is in contact with dye-solution. Hydrophobic nature of the polymer film also keeps the dye-solution trapped between the cover-glass and the glass-slide without flowing away due to capillary action. Thickness of the sandwiched dye-solution is typically 1 mm. The reticle/mask with the pre-etched pattern is loosely placed on top of the cover-glass. An alternative set-up for microprinting by this technique is shown in Figure 1(b) . This uses a larger cell filled with the solution of the dye to be immobilized. In this case, the substrate is placed close to the wall, inside the cell with the polymer-coated side facing the incident laser. The reticle/mask is kept adhered outside the cell-wall as shown. While this set-up uses larger amount of dye-solution, it allows printing on multiple substrates without the need for replenishing the solution as is done for set-up 1(a). The optical micrographs of the various metric and multi-gauge contact reticles used for patterning and immobilization of Rh6G molecules on polybutadiene coated substrates are shown in Figure 2. 
Results and Discussion
This section describes the results of visible-light induced micro-printing by embedding a dye within the polymer surface. A summary of micro-printing using numerals, alphabets and other geometrical patterns is given below. Stability of micro-printed patterns under ambient conditions is also described. We use the continuous-wave 488 nm laser with 40 mW power for microprinting by this technique. It is observed that laser excitation of Rh6G solution in contact with the polymer substrate results in adsorbed deposit of the dye on the substrate. Thus, as the dye-solution in contact with the substrate is exposed through the reticle, the pattern formed on the polymer film is an exact replica of the transparent regions of the reticle/mask. Depending on the intensity of the writing laser, it takes several minutes for the printed pattern on the polymer to become visible. In general, the rate at which the dye gets implanted in the substrate increases with the intensity of laser light. Results of microprinting on the polymer substrate are shown in Figure 3 for a laser exposure time of 20 minutes. Figures 3(a)-(c) are patterns created using multi-reticle (a), radial lines (b), and numeral "60" (c). In each case, the width of the line is about 25 micron. In Figure 3(d) , the increment between divisions is 0.005" (125 micron) and numeral "3" has a width of 250 micron. Figure 3(e) shows a pattern of a metric line with 100 micron increments. The letter "m" extends a width of 3 markings indicating a 300 micron width. Soon after laser exposure, the polymer substrate is washed by dipping in water to remove the excess dye-solution sticking to it and then dried before viewing with an optical microscope. The reticles used are designed in such a way that the lines in the patterned surfaces are opaque and the remaining regions are transparent to the 488 nm laser light. As shown in Figure 3 , the patterns are the direct copy of the reticles used, whereby, the dye molecules are immobilized only into the exposed regions of the polybutadiene surface. That is, the lines, letters, figures and dots are the regions where the dye molecules are not attached to the substrates.
It is observed that the micro-printed samples can be stored for several weeks in air without any noticeable degradation. As shown in Figure 4(a) , there is no noticeable degradation even if the samples are kept submerged in water for a few hours. This degradation under water can further be reduced by covering the dye-embedded area with scotch tape (Figure 4(b) ) and recoating it with another layer of polymer thin film (Figure 4(c) ). Figure 4(d) and Figure 4(e) show the patterns after the spin-coated sample of (c) is immersed in water for 24 hours and for 15 days respectively. Figure 4(f) shows the pattern if it is immersed in water for 24 hours without the second protective coat of polybutadiene thin film. Since any unattached dye-residue can be easily washed away with water in a few seconds, we believe that the dye gets embedded (adsorbed) deeper within the polymer film as a result of dye-excitation with 488 nm laser light. The technique of micro-printing thus involves enhancement of the adsorption process due to light excitation. However, if kept submerged in water for several hours, the micro-printed pattern fades gradually. This again indicates that the dye is physically adsorbed without forming any strong covalent bond with the polymer.
Conclusion
In conclusion, a technique for laser micro-printing and immobilization of dye molecules on a polymer film coated substrate is described. The technique is demonstrated with laser excited Rh6G dye and a low-power 488 nm laser but can work with other laser-dyes and corresponding visible lasers to excite them. We have also shown the technique to work with NBD dye excited with 488 nm laser although the range of suitable polymer substrates remains to be investigated. When stored in ambient conditions, the patterns formed did not show noticeable degradation for several days. The patterned substrates can also be left in water for a few hours without noticeable degradation and stability under water can be improved by covering it with a scotch tape and recoating with polymer. The technique demonstrated here has a potential for fast, easy and inexpensive micro-printing of lines, dots, letters, symbols, and other complex patterns on polymer substrates and possibly for controlled immobilization and patterning of dye-labeled biomolecules on polymer substrates for biosensing application.
